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Abstract 
A steady-state mathematical model of a rotary kiln 
process for calcining synthetic ferric hydroxide (leipi-
docrocite) is described. Various methods including mass 
transfer, dimensional analysis, and heat transfer equations 
are used to describe the process and allow for a laboratory 
scale rotary kiln design for scale-up purposes. The mass and 
heat transfer simulations show that the major heat transfer 
occurs between the kiln wall and the solids, with the heat 
transfer from the countercurrently flowing air to be less 
than five percent of the total heat transfer. As the kiln 
diameter decreases, the solids temperature down the kiln 
increases, suggesting that multiple heating zones are needed 
on the laboratory model to better simulate the plant scale 
process. 
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I. Introduction 
Pfizer, Inc., MPH Division is one of the largest 
manufacturers of inorganic pigments and magnetic particles 
in the world. As new products and processes are developed in 
the Research Department, scale-up of these processes to the 
plant size becomes an engineering assignment. Because most 
of the products require at least one thermal processing 
step, it becomes critical for research to know what the 
process conditions must be. 
In this report, the author wishes to examine one of the 
thermal processes used. This process is the calcination of a 
dry ferric hydroxide to a ferric oxide by heating the 
hydroxide to about 900°F. Heating is carried out in an 
indirect fired rotary kiln with the release of water along 
with a phase transition from gamma ferric oxide to alpha 
ferric oxide. 
The dry ferric hydroxide particles have an acicular 
morphology and can be easily sintered at high temperatures. 
Decreasing the acicular shape of the particle by heavy 
sintering to form a more spherical structure lowers the 
final magnetic and color properties of the iron oxide, 
although a slight amount of sintering is beneficial as it 
reduces the number of micropores in the particle and reduces 
2 
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the amount of absorption uptake by the particle. This slight 
amount of sintering produces an easier wetting and 
dispersing particle for use in paint and other dispersion 
formulations because it reduces the amount of liquid 
necessary to coat the particle. In the calcination process, 
to avoid sintering the particle, the heating of the 
particles in a kiln must be indirect to allow better 
temperature control along with the addition of a small 
amount of air to sweep out excess moisture. Excess water 
must be removed because it can act as a sintering 
accelerator at high moisture levels. 
New kilns used in the calcination process have to be 
designed or older kilns modified to meet new process 
conditions as new product variations are discovered. A 
smooth scale-up from research to the production plant is 
necessary to minimize production of poor quality material. 
Presently, scale-up of new products starts in a one-pound 
batch kiln. After testing in this small unit is completed, a 
twelve inch diameter pilot plant size continuous indirect 
fired kiln is used. Final development uses a three foot 
diameter plant size indirect fired kiln. The pilot plant 
step is necessary because material from the one-pound batch 
kiln has properties that do not agree with those obtainable 
in the production unit. For reactions between kiln gases and 
solids, the reactions proceed from the gas feed, solids 
3 
product end toward the gas exhaust, solids feed end of the 
kiln. Sintering occurs towards the gas exhaust end of this 
countercurrent process because of the high material 
temperature and the presence of moisture driven off of the 
solids during the process. The interaction between the 
solids and gas in a one-pound batch kiln produces a mottled, 
non-uniform type of material where the gas is moving across 
the powder with no lateral movement of solids beyond that of 
powder mixing. In the one-pound batch kilns, the reaction 
occurs differently from a continuous kiln because the solids 
see pure air at the gas injected end. The countercurrent 
flow of gases and material inside a continuous kiln produces 
a more uniform product. 
Pilot plant tests are also time consuming and expensive 
to make. Thus, a research kiln that operates continuously 
requiring only small scale feed rates, and produces results 
that can be directly scaled up to the plant size kiln would 
prove extremely beneficial. 
At one time Pfizer used a three-inch diameter 
continuously operating laboratory kiln of about two feet in 
length for throughputs of less than one pound per hour of 
I 
material feed. Data from that kiln did not yield results 
similar to those from the plant size kiln for a number of 
possible reasons. The ratio of conduction, convection, and 
radiation heat transfer was obviously different between the 
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laboratory and the plant kiln. Conduction heat transfer was 
estimated to be less than 5% of the total heat transfer in 
the production kilns but conduction heat transfer is far 
greater in a small scale kiln. Conduction between the kiln 
wall and the oxide particles occurs only within 3 milimeters 
of the wall. In the precalcination step previously 
mentioned, where an endothermic dehydration occurs, the 
plant kiln would require a longer heat-up time to complete 
the dehydration than the research three-inch kiln. The mesh 
size of the particle or the degree of fines in the feed 
material was also suggested to alter the kiln product. It is 
not recomrnended21 that any particle size smaller than 0.065 
inches be used for laboratory purposes in developing 
scale-up data because of the possibility of a diffusion 
controlled reaction mechanism in a smaller size particle. 
Also the feed rate and the temperature control on the 
three-inch kiln was unsophisticated and the variability of 
temperature could have been too great to obtain reliable 
data. Temperature control and feed rate are the prime 
factors in a plant kiln operation. 
There are inherent problems in designing a laboratory 
sized kiln, and the object of this report is to study the 
kiln operation via computer simulation to assist in the kiln 
design. 
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II. Objectives 
The specifications of the research kiln that will operate 
continuously are these: 
1. The ferric hydroxide feed rate must be two pounds per 
hour. To produce enough material for testing and evaluation 
purposes, the kiln operation would require one hour of good 
material output, approximately one-half hour at start-up, 
one half hour at steady state operation and one hour of 
cool-down and clean-out. 
2. The solids should occupy between 5 and 12% of the kiln 
volume to match the plant operating volume. 
3. Provisions to feed a variety of gases is required. 
These include: hydrogen, nitrogen, air and carbon dioxide. 
4. Gas flows must be low enough to prevent entrainment of 
the powder in the gas discharge. 
5. The solids feed mechanism of the kiln must maintain a 
uniform particle size feed as well as uniform material flow 
to minimize variations which would upset the kiln 
temperature profile and provide inaccurate data for 
scale-up. 
6. Kiln slope and rotation should be adjustable to allow 
variation of the solids residence time and degree of mixing 
in the kiln. As can be seen in Figure 1, the mixing zone 
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occurs at the exposed part of the material while material 
below this level remains relatively stationary. The dashed 
line is the radial flow determined by the angle of repose of 
the particles and the kiln rotation speed. As the powder 
remains in position below the dashed line, mixing is minimal 
and will remain so until the kiln rotation brings the 
particles up again to the dashed line boundary, also called 
the surface of material fill. Thus the material could either 
have a long static radial residence time near the kiln shell 
or a shorter static radial residence time near the center of 
the kiln cross-section. If the kiln rotation is kept at a 
reasonable rate, uniform mixing and heating of the particles 
is expected. 
7. A one hour residence time in the kiln is needed for 
the precalcination of gamma ferric hydroxide to alpha ferric 
oxide, with a ten to fifteen minute hold time at peak 
temperature to assure product uniformity. 
8. Indirect firing of Pfizer's kilns must be used to 
avoid severe thermal gradients. Multiple zone heating and 
control would give more flexibility when studying the effect 
of wall temperature variations. Multiple zone control could 
lead to optimization of the wall temperatures for increased 
throughput of the plant kilns and provide more and better 
thermal design data for new plant kilns. 
9. Kiln length must also be considered. A short kiln will 
7 
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give a lower thermal efficiency while an unnecessarily long 
kiln will increase the capital cost to build the kiln and 
also cause classification of the material according to 
particle size. The latter is shown in Figure 2 where small 
and large particles tend to segregate. 
In summary, the design must provide good and useful data 
for accuracy in the scale up of the pilot scale kiln 
parameters to plant size; it must be adaptable to different 
products; it must yield product specifications similar to 
the final product; and it must produce useful results of 
benefit to the plant and research. 
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Figure 1 
Flow of particles in a kiln (radial) 
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Figure 2 
Flow of particles in a circular kiln (axial) 
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III. Shell Design Calculations 
Current practice for designing kilns has been based on 
the residence time of solids in the kiln rather than a 
thermal property balance. First, a desired rate of 
production and a residence time is established to produce a 
desired product with the residence time treated as being 
independent of the production rate. Then a number of 
approximation formulas taken from experience are used to 
calculate the kiln length and diameter. 
The two most popular formulas are from the work of 
Sullivan, Maier, and Ralston (SMR) 1 and that of Allis 
Chalmers2. The Allis Chalmers formula is a revised version 
of the SMR formula and is a better fit of actual production 
data. 
The SMR formula is: 
e .. O.l9N~S (l) 
8 = Residence time, minutes 
L = Kiln length, feet 
11 
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N • Kiln rotation, RPM 
D • Kiln diameter, feet 
S • Slope of kiln, feet per toot 
Equation (1) is useful for qeneral approximations of the 
residence time but has been found to be in error by 80% or 
morea1. The Allis Chalmers equation uses the anqle of repose 
of the solids in addition to the terms in the SMR formula in 
its calculations. The equation is: 
8• 1.17 QLF 
SDN 
a• Residence time, minutes 
()) 
Q • Anqle ot repose of material, degrees 
L • Length of kiln, feet 
F • Factor that relates to hardware 
S • Slope of the kiln, degrees 
D • Diameter of kiln, feet 
N • Kiln rotation, RPM 
The angle of repose for iron oxides is approximately 38 
degrees. For tine materials the angle of repose will 
approach 35 degrees and for chunky or granular material it 
will approach 40 degrees. Also, the F factor for a cylinder 
12 
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with no obstructions is 1. Otherwise, it varies with feed, 
height of baffles or dams, number of chains and lifters, and 
the length to diameter ratio, or thermal efficiency of the 
kiln. For this design, the F factor shall be taken as equal 
to unity. 
In addition to calculating the retention time, other kiln 
parameters hive to be established. Bed ~epth is based on the 
volume of solids and should not exceed 12% of the kiln 
• velum~ to obtain acceptable thermal efficiencies and ihe 
normal operational bed depth of the plant kilns are 8 to 
9% 2 1. Bed volume can be calculated as follows: 
8 
%Volumg occuprnd by solids• 4R-·--.. - (3) PLD·rt 
R = Feed ,rate, ~ounds per hour 
e = Residence time, hours 
P = Density of solids, pounds/cubic foot 
The length to diam~ter ratio should be between 1.5 to 6. 
A ratio of 6 provides the most economical transfer of energy 
between the wall and the solids. Below a L:D ratio of 1.5, 
there is inefficient heat transfer and temperature gradients 
occur withiri the powder bed. Above a L:D ratio of~. an 
I . 
I 
I 
unnecessarily· long kiln is required and higher capital costs 
13 
result. The slope should be maintained between 3/16 inch per 
toot and 3/4 inch per foot of kiln length in order to stay 
within the time, L:D ratio, and solids bed depth volume 
guidelines. The plant kiln generally operates at 1/4 inch 
per foot. Kiln rotation for the plant kiln is generally 
around 2 RPM. 
Equations 1,2,and 3 have been used as guidelines for 
design, but all neglect thermodynamic information such as 
heats of reaction, heat capacities, phase changes, material 
conductivity, kinetics, etc. The same size kiln would be 
specified with a set throughput for different feed 
materials, even though the materials process differently. 
Chemical and physical reactions, heat capacities, handling 
properties, residence times and temperature profiles 
necessary may vary greatly and affect the design. 
In order to achieve model similarity, a dimensional 
analysis is considered between the plant kiln and the 
laboratory sized kiln. The plant kiln is a 3 feet in 
diameter, 20 feet long kiln with an L/D ratio of about 6.5 
to 1. This kiln when run at steady state produces 1000 
pounds per hour of material product utilizing an air flow 
rate of 20 cubic feet per minute at standard conditions. The 
kiln is heated by gas or oil burners indirectly (heating the 
outside kiln wall) and the wall temperature is controlled at 
a set point of 1000°F. With the plant kiln dimensions and 
14 
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condition• established, the laboratory model now has to 
1ati1fy three criteria for dimensional similarity23 • They 
are: 
1. Geometric similarity where the L:D ratios are the same 
or 6. 5 to 1. 
2. Kinematic similarity where the ratio of the axial to 
longitudinal velocities have to be the same. Axial velocity 
is an average of the partical velocities and with the same 
fill volume in either kiln, this equation reduces to the 
ratio of axial velocity of the kiln shell to longitudinal 
velocity or equation 4. 
With the L:D ratio fixed, this criterion dictates that 
the kiln rotations be equal. 
3. Dynamic similarity where the Reynolds numbers of the 
two are the same. This equation reduces to equation 5 
because the viscosities and densities are the same. 
(5) 
With the kiln residence time fixed at one hour to achieve 
the same calcination temperature profiles in either kiln, 
equation 5 reduces to equation 6. 
(6) 
16 
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Geometric and dynamic dimensional analyses are in 
disagreement with each other and do not allow for 
dimensional similarity between the laboratory and plant 
scale kilns. Equation 4 and equation 6 being in disagreement 
with each other, adds importance to the modeling and 
simulation of the kiln operation. 
Calculations and general guidelines for the research kiln 
size are listed in Table I, but do not provide the adequate 
data needed for a good kiln design and should only be used 
for estimation purposes. The calculations were made assuming 
a powder density of 0.5 g/cc, a two pound material fill 
occupying 12% of the kiln volume. 
16 
Table I 
Kiln lengths from laboratory volume specifications 
Kiln volume is 923 cubic inches/2 pounds material at 12% 
fill. 
I.D. 
Inches Length (feet) L/D 
4.00 6.12 18.4 
4.25 5.42 15.3 
4.50 4.84 12.9 
4.75 4.34 11. 0 
5.00 3.92 9.4 
5.25 3.55 8.1 
5.50 3.24 7.1 
5.75 2.96 6.2 
6.00 2.72 5.4 
6.25 2.50 4.8 
6.50 2.32 4.3 
17 
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IV. Background Literature 
The heat and mass transfer phenomena that occurs in a 
continuously operating kiln can be quite complex with very 
few good models of these phenomenon appearing in the 
literature tor this situation. Heat transfer in a kiln is 
complicated by the fact that heat is being transferred 
simultaneously by conduction, convection, and radiation 
between bodies that have time-varying temperature distribu-
tions. Early models focused on only the movement of 
solids1,2, 3 • 4 and thus did not include any heat or mass 
transfer information. Models considering heat transfer began 
with Gilbert,0, 6 ,1, 9 • 9 • 10 who studied the operation of a 
cement kiln. Gilbert's results were empirical and raised 
more questions than they gave answers. As other types'of 
solids were being examined, it became apparent that 
obtaining the heat transfer coefficient between the wall and 
the solids flowing through the kiln was the necessary key to 
the complex problem. To obtain this coefficient necessitated 
empirical fitting of experimental data11 • 12 . It was also 
quite evident that calculations based on surface area 
between material and wall or material volume heat transfer 
calculations, as suggested in older versions of Perry's 
Chemical Engineers Handbook and described by Sass13 , would 
18 
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produce incorrect models. 
One of the first good computer simulations was that of 
Sass in which he considered heat transfer in a cement and an 
iron oxide ore kiln. Sass mentions that the heat transfer 
coefficient between the kiln wall and the solid particles is 
the least accurate of all the heat transfer coefficients and 
any improvement in the accuracy of the model would require a 
better understanding of this interaction. He also used a 
correction factor applied to the wall to solids heat 
transfer coefficient as suggested from Imber and 
Paschkiss11 . Later work from two other sources1 4 • 1 ~ 
indicated this coefficient was inadequate for design 
purposes using other materials. Manitus, 16 describing an 
aluminum oxide kiln, and Dumont and Belanger, 17 describing a 
titanium dioxide kiln, indicate a better understanding of 
kiln modeling and simulation, and more recently, direct 
fired kiln models have been modeled after their ideas 18 · 19 • 
These two16, 11 are close to a model developed in this report 
but are limited to direct fired kilns, unlike this indirect 
fired kiln model. The wall-to-solid heat transfer 
coefficient equation uses empirical considerations along 
with correction factors applied to the wall-to-solids heat 
transfer coefficient. 
Another problem encountered, in addition to the 
correction factors used for an empirical fit, is the lack of 
19 
physical data in the literature on synthetic lepidocrocite, 
or also called ferric hydroxide, the feed material for the 
process. For lepidocrocite, specific heat of dehydration, 
heat capacities, and kinetic data is sparse or lacking. 
Giroanoli and Brutsch20 carried out a study in vacuo of 
determining the heat of dehydration. Their work shows that 
different kinetics for the dehydration are present at 
atmospheric pressure and no conclusive results were found. 
An attempt to use a form of an Arrhenius equation was made, 
but this approach suggested that the reaction would occur at 
room temperature which obviously cannot happen. Evidence22 
shows that the rate determining step is related to the 
amount of reaction water present around the particle. There 
is no data to show if the rate determining step is diffusion 
or convection controlled. 
20 
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v. Modeling the Kiln Operation 
In this study, we took the solids flow calculations from 
section II and incorporated the heat balance flow equations 
developed by earlier investigators, and fit these equations 
and assumptions to produce a similar kiln temperature 
profile as experienced in the plant kilns. The heat and mass 
fluxes are presented in Figure 3, as well as the reactions 
occurring and spatial orientation in Figure 4. 
Assumptions 
1. Perfect radial mixing 
2. No longitudinal mixing, i.e. plug flow 
3. No material weight loss due to air entrainment 
4. Endothermic reaction for dehydration occurs over the 
first 60% of the kiln length in equal sections 
5. Temperature of inner wall of kiln is constant at 
10000 F 
6. Only dry material is being processed 
7. Convective heat fluxes are minimal 
8. Steady state 
Heat Fluxes: 
The heat fluxes to describe a kiln model can be broken 
21 
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down to six equations having a radiative portion described 
by the typical Stefan-Boltzmann law as well as a convective 
and conductive portion containing a temperature driving 
force, a length of transfer, and an overall heat transfer 
coefficient. Their placement and overall relationship with 
each other and the resulting equations for a differential 
volume element are given in Figure 3. The particular heat 
fluxes and their descriptions as well as related equations 
are listed below. 
~wm; Heat flux from kiln wall to the solids. 
This heat flux is the main contribution to the heating of 
the solids, and is the transfer of heat between the portion 
of the kiln wall covered by the solids. Transfer is mainly 
by radiation with some conductive heat transfer because of 
the direct contact with the wall. The conductive portion is 
small because of the poor conduction of the iron oxide 
powder. Convective heat transfer is almost nonexistent due 
to the low gas flow rates in the kiln. ~wm is calculated 
from equation 7. 
The wall-to-material heat transfer coefficient was 
adjusted to fit the experimental operating data supplied 
22 
from the iron oxide kiln, and it can be calculated using 
equation 8. 
hll • J/>..IIC ~~ (8) 
The temperature variation of emmisivities were linearl-
ized to fit known data point~ of different temperatures (see 
equation 9). Similar linearations were performed in the 
literature13 • 16 • 17 • Only data points where the temperatures 
were between O and 1000°F were used to produce the 
equations. 
f.,•0.62+0.0002Tg (9) 
+g•; Heat flux from the kiln gas to the solids. 
This flux is the transfer of heat between the portion of 
solids near the gas boundary and the gas. Because gas and 
solids flow countercurrently ~nd the gas is heated to its 
maximum temperature withiQ the first ten percent of kiln 
length from its feed point, the transfer of heat is from ga~ 
to the solids along the rest of the kiln length. From Table 
III, we see that its contribution varies from 2 to 10 
percent of the total heat transfer to the material with most 
of the transfer occurring near the exit position for the 
gas. The heat transfer coefficient for the convective t~rms 
are well described in other papers 16 • 17 and is given by 
equation 11 and the flux is calculated from Equation 10. 
23 
where 
T, 
f , • 0 . 8 5 - . 0 0 0 5 ----) .8 
-
( I I ) 
( I 2) 
~gw; Heat flux from the gas to the kiln wall. 
as flux is the trans! er of _heat between the portion of 
the kiln wall that is exposed to the gas.Equilibrium heat 
transfer occurs quickly at the gas inlet portion. of the kiln 
and s tabi 1 i zes somewhat for the rest o-f the kiln length. I ts 
value is fairly close to the gas-to-~olids heat flux. The 
heat transfer coefficient i~ described by equation 11 and 
the flux is given b~ equation 13 .. 
. h p· f T ·1· \ 1J I ·1· • T 4 · ¢> ~111 ·- · ~ 2. p - ,,. . •- a,, , f ... c ~ ·. l - " ! ( I 3) 
The following two fluxes are caused by chemical reaction 
and depend on other variables such as the amount of material 
present in the kiln and material temperature. 
+•v; Heat flux from the ~ndothermic reaction of dehydration. 
This flux occuts along th~ first 70 percent of the kiln 
length. Its value was assumed constant along 70 percent of 
the kiln length. The assumption was good except for the 
section between 60 and 70 percent of the kiln where the 
simulated material temperature deviated somewhat from the 
24 
experimental operating material temperature. This difference 
suggests that the reaction was rate limited by something 
other than temperature until most ot the reaction was 
completed. The value of this flux is calculated from 
equation 14. 
+r; Heat flux from the exothermic phase change reaction. 
This reaction occurs at a point about 90 percent down 
the kiln length. Th~ iron oxide phase changes from a gamma 
ferric oxide to an alpha ferric oxide with the kinetics 
being very rapid when the temperature reaches about 760°C. 
equation 15 describes the flux. 
~uu; Heat flux needed t6 dry moisture laden feed material. 
Because the use of a kiln for drying is inefficient 
compared to other drying methods, this value should be kept 
to .a minimum. Also, if possible, part of the dehydration 
reaction may be accomplished in a dryer to increase the 
overall efficiency of the process and decrease the kiln 
length and amount of kiln heat input needed. Because 
Pfizer's dryers for this material operate at about 350°F, 
some of the material is dehydrated before it reaches the 
kiln and is the reaso.n for a relatively low 27 Btu/ lb heat 
,.l 
l 
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of dehydration value obtained. Equations to describe this 
flux are listed elsewhere, 1 & but because the feed material 
has very little moisture present, the value for this flux 
was set at zero. 
Differential Equations: 
The two differential equations to describe the mass and 
energy balance of the system for the gas and material are 
listed in equations 16 and 17 respectively. Due to the 
nonlinear nature of these equations a precise analytical 
solution is not possible and the equations are solved 
numerically. 
d ( \ al Q 9 C 9 T 9 · .. - ¢> 9m - ¢ 9" ... ¢> 99 ( I 6) 
0 
-rQ CT 1 .. ;. _;. +Ji -If\ 0 [ ' m m m : 'I' 9m 'I' .. m 'I' ~u 'I' r ( I 7) 
The boundary conditions are listed below: 
1. Inlet solids temperature is 70°F 
2. Shell inside temperature is constant at 1000°F 
3. Inlet air temperature is 70°F 
4. Kiln air temperature is maintained constant at 600°F 
Figure 3 
Mass and Energy Balances Around the Kiln 
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Figure 4 
Segmented Kiln Zones to Describe the Model Reactions 
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VI. Simulation and Discussion of the Kiln Operation 
A DSS2 differential equation simulation package was used 
for the solutions of the equations using the Runge Kutta 4th 
Order algorithm. A two point spatial differential systems 
integrator, DSS012, was also used for the solving of the 
partial differential equations for the flow of gas and 
solids. The time interval between iterations was set at 0.1 
seconds with steady state being achieved within 15 minutes. 
In the simulation, the variation of the air temperature in 
the kiln played a minor part in the calculation of the 
material temperature, (plus or minus 3 degrees), probably 
because the air flow rates are so low. 
An attempt to use reaction kinetics in the dehydration 
step was to assume that the water would be lost at a 
constant rate. This assumption was made due to the lack of 
literature data to deduce the dehydration step reaction 
kinetics and proved valid enough to obtain computer results 
using the model. 
Solids temperature differences between the actual and 
simulated 3 foot kilns occurs at about 60% down the kiln 
because of the kinetics assumption. Although the constant 
rate mechanism was satisfactory for the first 40% of kiln 
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length, the mechanism tails at 60, down the kiln. It a 
critical hydration content value was tound and the rates 
could be divided into a constant and a talling rate period, 
such as in a drying unit operation, we will produce a closer 
tit ot the model to the experimental data. 
The experimental and simulated final solids temperatures 
also ditfered, with the experimental value being 50°F lower 
than the calculated values. Heat losses from the kiln seals 
and discharging mechanism could account for this loss 
because the simulations did not take these possibilities for 
heat transfer into account. Both the 3 foot and the 6 inch 
simulations ended with the same final solids temperature 
indicating that the lower temperature of the experimental 
data is dependent on the degree of insulation provided at 
the solids discharge end. 
The results of this simulation indicates that the heat 
transfer coefficient is smaller than those used in the 
Manitus and Dumont and Belanger papers. After adjusting the 
heat transfer coefficient of conduction between the wall and 
the material in the kiln and minor changes in the heat of 
dehydration, a reasonable fit of temperatures between the 
model and the three foot plant kiln was obtained. 
From this model, the geometrical parameters were changed 
from the three foot diameter kiln to the six inch diameter 
kiln. The simulation indicated that as the diameter 
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decreased, the material temperature would increase, due to a 
larger amount of conductive heat transfer in the smaller 
kiln (See Table II and Graph I). The solids temperature 
remains around 300-400°F during the first 40 to 60 percent 
length of the kiln for the plant kiln and three foot model 
while the temperature of the material in the 6 inch model 
climbs steadily and levels off at a point about 40% down the 
kiln length. Because the 3 foot and 6 inch diameter kiln 
simulations are geometrically similar, the major change 
between the two is the solids volume to surface boundary 
difference. In the smaller kiln there is a larger surface 
boundary to volume ratio than in the larger kiln. Because 
heat transfer occurs along these surfaces, the temperature 
of the solids in the smaller kiln is almost always higher 
than in the larger kiln. Even though attempts to use direct 
1 
surface boundary and volume calculations for kiln scale-up 
f 
in the past13 were unsuccessful because of different fluxes 
occuring at different parts of the boundary, the surface 
boundary to volume ratio is still a major consideration in 
scale-up design variations. Because the same L/D ratio (6.5 
to 1) was used for all three kilns, the 6 inch model appears 
more efficient and would have a longer peak temperature 
residence time than the plant kiln. Unless the wall 
temperatures are adjusted or the solids volume in the kiln 
increased to simulate the temperature profile down the kiln, 
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scale-up of new materials would be difficult. Possibly the 
slope of the kiln and or RPM of the kiln could be increased 
to bring the temperature profile into agreement, but the 
residence time would then diminish. 
From this model, therei...Js a clear need for multiple zone 
control on the smaller model kiln in order to process 
material in a similar manner as the plant kilns. A three 
zone kiln should be sufficient. 
Table II 
Solids Temperature as a Function of Length for the Actual 
and Model Kilns 
Location in 3 Foot Kiln 3 Foot Kiln 6 Inch Kiln 
Kiln Actual,° F Model,° F Model,° F 
inlet 70 70 70 
20% 300 302 623 
40% 400 393 892 
60% 600 401 972 
80% 950 971 976 
discharge 900 952 948 
Kiln Length 19.5 ft. 19.5 ft. 3.25 ft. 
Graph I 
Plot of Material Temperature vs. Kiln length using the 
same L/D ratio 
1000 
800 
lids· 
600 
. perature, 
400 
OF 
200 
~6 inch simulation 
+3 foot simulation 
c 3 foot experimental 
------:, 
-----------~---------,,6~~------.'', r----- ---- ----- --------
I 
1 
~ 
I 
-~ / t 
/ i 
inch simulation 
_......,-l+lw..--
........---
I 
Cl / 
I 
_j 
I 
I 
---~3 lr1" foot simulation 
I 
0 -+-----r---,-------r----'----r-----r--------l 
0 20 40 60 80 100 
Length of Kiln, ft. 
Table III 
Simulated Heat Fluxes versus Kiln Length 
in Btu per foot second 
Kiln Length 1>0. , Gas to Solids ~W II 1 Wall to Solids 
(percent) Heat Flux Heat Flux 
0 0.105 0.962 
10 0.121 0.957 
20 0.022 1.123 
30 0.019 1. 077 
40 0.018 1. 061 
50 0.017 1. 056 
60 0.017 1. 055 
70 -0.057 0.236 
80 -0.071 0.088 
90 -0.072 0.074 
100 -0.130 0.122 
VII. Specifications and Guidelines for a Laboratory Sized 
Kiln 
The total system can be divided into several parts: 1) 
the gas manifold system, 2) the solids feed system, 3) the 
temperature control system, and 4) the tube furnace and 
retort with adjustment controls and attachments. Each of the 
parts was evaluated for either construction at Pfizer or 
purchasing as a package. The equipment was evaluated for 
sophistication and technical knowledge needed to build and 
economy of construction. Because of the lack of an in-house 
machine shop and the lack of equipment to work with 
stainless steels, it was decided to specify the systems for 
vendor bids except for the gas manifold arrangement and part 
of the temperature instrumentation. 
The kiln shall be a cylinder made of 330 stainless steel 
(36% nickel) for a low thermal expansion, high thermal 
resistance to bowing, good thermal conductivity, resistance 
to spalling, and excellent chemical resistance. The shell 
shall extend from the feed end, through a three-zone furnace 
(see section 6 on thermal simulation scale-down), and 
through an air or water spray indirect cooled area to the 
discharge end. Rotary seals will be located on both ends, to 
be made of 316 ss (10-14% nickel). 
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Two types ot teed mechanisms are suitable: a screw type 
and a vibratory feed device. The vibratory type is more 
accurate and does not destroy particle agglomeration, but 
the screw type will not segregate particles according to 
size like a vibratory feeder might. All-in-all, as long as 
the particle travel length is short in the feeder, the 
vibratory feeder is probably the better of the two and is 
specified in this design. A vibratory feeder and hopper will 
be located at the feed end and will have a sealing lid for 
hydrogen operation. Welded onto this lid will be a one-inch 
gas outlet port for exhaust into the air. 
The discharge breeching will enclose the discharge end of 
the cylinder, contain a thermocouple support and a one-inch 
gas inlet port. Two bins shall be arranged on a swivel Y 
arrangement in order to keep start-up material separate from 
quality product. The thermocouple tube shall extend into the 
shell from the discharge end and be supported at the feed 
end. There will be four thermocouples, each one bent down 
halfway into the material from the center of the tube and 
shall be placed approximately in the center of each zone 
with one at the discharge end of the tube (See Figure 6). 
Type K thermocouples will be used because of the linearity 
of their measurement in this temperature region. 
Two riding rings and trunion rolls and two thrust rolls 
to restrict the longitudinal movement of the cylinder shall 
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be installed. The cylinder drive mechanism shall contain a 
vari-drive speed unit coupled with a one-half H.P. motor 
(230v, 3 pha,e, 60 cycle) and driven with a chain and 
sprocket setup for 1 to 20 RPM cylinder rotation speed. 
The furnace will be an electrical Nichrome type working 
on 440v usinq about 20 kw of power. Three type K 
thermocouples extendinq into the center of each furnace 
section but not touching the cylinder will measure the 
outside shell temperature. The entire unit will be mounted 
on a support frame which can be adjusted with support screws 
for angle of inclination adjustment of O degrees to 15 
degrees. At this time no chains, lifters or dams will be 
installed but tabs will be welded for possible future 
installation. 
Attached to the gas inlet port at the discharge end of 
the kiln will be a gas manifold system for hydrogen, 
nitrogen, air, carbon monoxide or another piped through 1/4" 
Swagelok tubing, through a 2 micron in-line filter and 
through a mass flowmeter. The mass flowmeters shall have a 
maximum flow of 20 standard liters per minute (See Figure 
5). Flow control for the gas systems will be ten turn 
potentiometers mounted on the control panel with digital LED 
displays for the flow output (See Figure 8). The mass 
flowmeters have PI control that correct for drift during 
operation. The gas outlet port will be piped to the outside 
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atmosphere and extend ten feet above the building to 
discharge because of the hydrogen use. The low flow hydrogen 
does not require an afterburner or recycle arrangement, but 
a hydrogen gas monitor alarm system shall be installed in 
the room; two sensors attached to the ceiling to sample for 
any extensive hydrogen buildup from leaks. There will be a 
10-minute time delay for the start of hydrogen flow with 
nitrogen being fed before hydrogen can be introduced. Also 
contained in the control panel will be three digital 
setpoint controllers with PID control action to maintain 
temperature in the furnace zones. The panel will be epoxy 
coated and the mountings and controller enclosures will be 
NEMA 9 to prevent dust particles from entering and fouling 
the circuitry. An eight-point temperature recorder will also 
be mounted on the panel to record temperature patterns. 
A survey of kiln manufacturers indicated that many have 
standard pilot plant kilns that they sell in package form 
(See Figure 7). Some of the vendors and their specifications 
are listed in Table IV. These models are available at the 
vendor sites for testing to determine throughputs and kiln 
profiies. The Harper and C.E. Raymond kilns are sized closer 
to our needs and meet the specifications outlined in this 
report. The entire cost of this system would run around 
$125,000. 
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Figure 5 
Gas Inlet Manifold Arrangement for the Kiln 
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Figure 6 
Thermocouple Wire Arrangement Inside the Kiln 
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Figure··7 
Bluepri~t Skematic of the Lab Continuou~ Xiln 
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Figure 8 
........ 
Contr.ol Panel- for Lab Scale Continuous Kiln 
28" 
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Panel for Continuous Kiln 
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Left at 100°c 
Zone 1. Temperatures 
2, Set slope 
3. Adjust kiln speed 
4, Turn on feeder 
5. Set gas flows 
6. ·Set temperatures 
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Table IV 
Standard pilot plant kiln packages offered by various 
kiln manufacturers and their specs 
Industrial Harper C. E. 
Manufacturer Elina Furnace Electric Raymond 
Inside Diameter 11. 8 in. 8 in. 5 in. 6 
1/2 in. 
Heated Length 9.8 ft. 10 ft. 4 ft. 3 
ft. 
Cooling Length 2.8 ft. 2 ft. 2 ft. n/a 
Maximum Temp. 1050 C. 816 C. 1000 C. 1090 
C. 
RPM 1-5 1-3 0-12 1-11 
Slope 0-3° n/a 0-10° n/a 
Feed mechanism screw screw vibratory screw 
Min. rate(lbs/hr) 9.3 4.4 0.7 0.9 
Max. rate(lbs/hr) 27.9 13.1 2.04 2.59 
--·------·--------#· ,---~--
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APPENDIX A 
Algebraic Equations tor length factors at flux boundaries: 
/J 1 •rrDx 
/3 2 •Dsinx 
{J 1 •rcD(l-x) 
Constants: 
( I 9) 
(20) 
( 21 ) 
x=0.275 J1Ll-1.., radians 
J - 0. 00008 
C~·0.27 Btullb°F 
C'"•0.24 fgQOH E Btullb°F 
C'"•0.20 fg 2 0 3 E Btullb°F 
a• I .7xl0- 9 Btu//t. 2 hour
0 R4 
w-2.5 rpm 
A
11
•113 Btul/t°Fhr 
Cui•0.12 Btu!lb°F 
y
11
•0.29 lbl/t 3 
47 
APPENDIX B 
Nomenclature: 
a= Sto/an Boltzmann constant 
1 .. corroctwn factor 
LJH I - h,,at of reaction for dehydration step 
~H: • hgat of phasg changg 
w =wall g = gas m=mat<utal 
C
9
•spgci/ic hgat of gas 
C,,•spgci/ic hgat of wall 
D = inside diameter of kiln 
K 
9 
• conductivity of thg gas 
Q
9
• gas mass flow ratg 
Qm • matgria l mass / low ratg 
/3,· form factor for solids to kiln wall boundary 
P2· form factor for gas to kiln wall boundary 
/3 3. form /actor for gas to 
E • 9 gas gmmisivity 
E • m matgrial gmmisiuity 
E • IJ/ kiln wall gmmisivity 
h • 
9 
hgat trans/gr cog/ ficignt 
h • 
IJ/ heat trans/gr cog/ /icient 
T 
9 
• tgmpgraturg of gas °F 
T 
111 
• temperature o / wall °F 
so lids boundary 
for thg gas phasg 
for thg kiln wall 
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T • tamparatura of solids OF 
"' 
V • longitudinal ug locity o/ matgria l 
"' 
A • thormal conductivity of wall II 
y II• kiln wall dgnsity 
~llff\. wall to mat or ia l hoat flux 
'1,rn • gas to matgria l hgat flux 
~~
11
• gas to wall hgat flux 
¢,, • dghydration rgaction hgat flux 
~H • phasg chang<J rgaction hgat / lux 
¢, ,, • mat gr ia L drying hgat / lux 
w = kiln rotatwn speed 
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